Earthquakes can occur in most regions of the United States, so it might be necessary to reinforce vulnerable animal facilities to better protect research animals during these unpredictable events. A risk analysis should include an evaluation of the seismic hazard risk at the proposed building site balanced against the estimated consequences of losses. Risk analysis can help in better justifying and recommending to building owners the costs of incorporating additional seismic reinforcements. The planning team needs to specify the level of post-earthquake building function that is desired in the facility, and then design the facility to it.
A severe earthquake is a terrifying disaster; only a few seconds of ground shaking can annihilate a vulnerable community. Most deaths occurring during an earthquake are the direct result of the collapse of buildings, falling debris, and fires produced by damage to nonstructural building equipment 1 .
Previous earthquakes have destroyed research institutions and killed laboratory animals. In 1989, the Loma Prieta earthquake caused $300 million in damages at Stanford University. The Northridge earthquake of 1994 caused over $6.9 billion in damages, and it affected California State University, the University of Southern California, and the University of California at Los Angeles. At California State University, 200 research animals were trapped in damaged buildings for >12 days; animal care staff was not permitted to enter these buildings because of concerns about further collapse of the structures. Exactly 1 year later, an earthquake destroyed the medical school's animal facility in Kobe, Japan. More than 4,000 rodents were killed after they escaped and could not be positively identified, or they contracted an infectious disease and were no longer useful for research 2, 3 .
Earthquakes are a national hazard for which most communities in the United States remain unprepared. While most Americans associate earthquakes with California, at least 40 states are at moderate to high risk ( Fig. 1) . In fact, the most severe earthquakes ever recorded in this country occurred not in California, but in the Midwest along the New Madrid Fault and along the East Coast near Charleston, SC 1 . Because damaging earthquakes occur so rarely in several regions of the country, acceptance of earthquake risks in some areas is lacking. Compounding this lack of awareness, architects and engineers throughout the United States have varying levels of technical knowledge and expertise about the seismic design of buildings 4 .
RELIANCE ON BUILDING CODES IS NOT SUFFICIENT
In response to national deficiencies in the design of seismicresistant buildings, the Federal Emergency Management Agency (FEMA) has since 1978 regularly updated and published the National Earthquake Hazards Reduction Program Provisions for Seismic Regulations for New Buildings and Other Structures 5 (NEHRP Provisions). FEMA intended the 2000 NEHRP Provisions to be used on a national level as a reference source to improve and augment local building codes in areas of seismic activity. Only one national building code, the 1997 Uniform Building Code, refers to information in the 2000 NEHRP Provisions. At present, the International Building Code is moving toward its third iteration as a comprehensive national code, and it incorporates much of the currently accepted field of earthquake-resistant design.
Changes in building codes do not keep pace with new knowledge and developments in seismic technology. Typically, seismic requirements in building codes change only after post-earthquake damage assessments uncover existing weaknesses in building construction and design methodologies. Local jurisdictions may choose not to adopt newer, more stringent code requirements. Architects and engineers who are well educated and experienced in new concepts, such as performance-based seismic design, may encounter resistance from local building code enforcement officials, who are unfamiliar with this newer technology. The reader is referred to Primer for Design Professionals: Communicating with Owners and Managers of New Buildings on Earthquake Risk for an excellent discussion of the issues associated with seismic design codes and earthquake hazards 4 .
SITE CONSIDERATIONS AND BUILDING DESIGN
The easiest and most effective way to protect a building is to construct it on a safer site. Sometimes relocating a building by only a few miles can move it away from a fault line or provide a building site with more stable soil. Other important aspects of the site evaluation include analyzing the potential for landslides, assessing the vulnerabilities in utilities coming into the site, locating and evaluating the access routes to the site, considering the potential for pounding by adjacent buildings, and determining if there are hazardous materials near the site. FEMA has prepared a site evaluation checklist to assist the design team with site assessment 4 .
Another important influence on the ability of a building to withstand earthquake ground shaking is the selection of its basic plan shape and configuration. The National Information Service for Earthquake Engineering has published a set of general guidelines for superstructure configuration, which state that the layout for the building should be simple, symmetrical, and regular in plan and elevation 6 . A repeating modular design is one means to incorporate the concepts of simplicity and symmetry into the design of the building, and this concept lends itself well to designing the layouts of research laboratories and animal rooms. Buildings with a simple and symmetrical shape are less susceptible to damage during an earthquake, because forces are more likely to remain uniformly distributed. In general, square, rectangular and circular configurations are safer than buildings that have irregular shapes, such as split-levels, cruciform, or Lshaped buildings. In irregular buildings, forces have an uneven distribution, and they tend to concentrate along the inside corners. The layout of the lateral loadresisting system is also critical for the performance of the building. Appropriate structural locations of bracing elements such as shear walls may conflict with functional and aesthetic elements of the building.
The height of the building and the uniformity of story height between floors also play a role in seismic performance. Taller buildings tend to sustain more nonstructural damage in the upper stories, because the upper floors are subjected to larger motions, more acceleration, and increased lateral drift. Buildings with a weak or tall first story may have problems during an earthquake, because seismic forces are unable to pass evenly through the lower story. In this design, the ground floor is weaker (often called "softer") than the other floors because of the greater height of the columns or the absence of walls at this floor due to aesthetics (such as an open lobby) 7 .
Distribution of weight within the structure and the types of construction materials selected are also important in determining seismic performance. Concrete ramps, stairways, and heavy mechanical equipment can generate torsion forces when their placement in the building is asymmetrical. Heavy equipment installed at the top of the building is more susceptible to damage. When planning a tall building, one should consider the weight of the structural and nonstructural components in the overall design, and one should use materials and equipment that are lighter weight when feasible in an effort to keep the mass of the building as light as possible 6 . In general, nonreinforced masonry and older concrete frame buildings are more susceptible to damage than modern, correctly detailed reinforced concrete buildings. The concrete block walls that are commonly used for animal rooms usually crack when subjected to seismic forces unless they have been reinforced. In lieu of concrete block, fiberglass-reinforced gypsum board is a suggested alternative for use in animal rooms in earthquake-prone areas, because it is easier to repair and it causes less collateral damage than masonry if it collapses 8 . Buildings with long roof spans have special design challenges, as do buildings constructed using conventional light frame construction methods. These buildings can be safe, but the design professional must correctly detail them to survive significant earthquakes [9] [10] [11] .
Quality of design and construction is critical to achieve a safe building. The most important single attribute of an earthquake-resistant building is that it is tied together to act as a unit 4, 5 . The design of the building must allow seismic energy to be channeled through a continuous load path that extends from the foundation to the roof. This load path has both vertical (the walls, columns, and piers) and horizontal (floors and roof) components. The lateral load-resisting features of a seismic-resisting system are designed to provide additional stiffness and to prevent excessive lateral deflections in the building during an earthquake. Examples include shear walls, braced frames, and/or momentresisting frames 10, [12] [13] [14] [15] . The horizontal elements (roof and floors), referred to as diaphragms, must be able to transfer seismic forces from their level and the story above into the adjacent lateral load-resisting components. For good seismic performance, it is critical that the diaphragms be securely anchored to the lateral loadresisting components of the force-resisting system 7 . The foundation is the final link in the load path that transmits the seismic force back into the ground. The connections between the foundation and the lateral loadresisting elements keep the building from sliding off or lifting from its foundation. The transmission of the load path back into the ground is critical.
If there is a weak link in the structure of the building, the earthquake will find it. Effective seismic resistance is only achievable in a building when the seismic resisting system is designed to be both redundant and resilient. Redundancy provides a second line of defense that ensures that the failure of a single component will not cause failure of the entire system, whereas resiliency refers to the ability of the seismic resisting system to remain intact and flexible when forces abruptly change direction or overload structural components for a brief period of time. One must meticulously monitor construction to ensure that it meets the design specifications 12 .
ADOPTING MORE STRINGENT DESIGN CRITERIA
Instead of following the prescribed minimum building code standards for research buildings, the design team can use risk assessment to decide whether the incorporation of additional safety features into the facility is warranted. The 2000 NEHRP Provisions use a risk assessment strategy to determine the minimum design criteria for seismic resistance in new construction. This risk assessment is based on the number of occupants in the structure, their vulnerability and ability to evacuate, the intended use of the building, the amount of seismicity expected at the site, and the type of soil on which the structure is built 5 .
The Provisions define three seismic user groups: Group 1: The structure will contain only a few occupants and the potential hazard for loss of life is small (e.g., private residence or low-rise commercial office building). Group 2: The structure will contain a large number of self-sufficient persons, and their ability to exit may be somewhat limited. The potential hazard for loss of life is larger than for Group 1 (e.g., apartment building, research building, elementary school).
Group 3: Large numbers of dependent persons will occupy the structure, or it is an essential facility that will be required for immediate recovery after the earthquake, or it contains substances that would be hazardous if they were released into the environment (e.g., nuclear power plant, hospital). The potential hazard for loss of life associated with these structures is high.
The Provisions assign each proposed building to a design category that is based on not only its intended use and occupancy, but also site-dependent characteristics such as the amount of seismic activity and the type of soil at the site. The Provisions define six categories: A-F. The greater the risk of seismic activity, the higher the seismic design category and the more stringent are the requirements for design and construction. Therefore, the seismic design standards for a hospital will exceed those used for a research building, because the hospital is an essential building that must remain functional after an earthquake. The reader can refer to the 2000 NEHRP Provisions for more specific details about these design categories 5 .
The amount of damage that a building sustains largely determines its performance after an earthquake. There are four different levels of post-earthquake building performance described: Operational, Immediate Occupancy, Life Safety, and Near Collapse 4, 5 . Table 1 summarizes these levels.
Research building design typically achieves only Life Safety level function. The building's occupants are in seismic user Group 2, and design professionals assume that occupants can all evacuate. From the information presented in Table 1 , the laboratory animal professional can predict that post-earthquake environmental conditions in the facility will be uncontrollable for an extended period of time. One can expect extended losses of utilities, water, and building services.
The development of codes for construction of hospitals has the intent of achieving immediate occupancy function. Hospitals are critical facilities that are designed with the intent to use them immediately and continuously after an earthquake. The building's occupants are in seismic user Group 3, and designers recognize that timely evacuation is not possible for all patients. At this functional level, designers include provisions in the building to protect patients and to ensure that the utilities and services necessary to sustain life remain available. The structure of the building should remain largely intact. While this code standard is required for hospital construction in most areas of the United States, it is also practical to achieve it in other types of buildings.
It seems ideal to design an animal facility to achieve Operational level function after an earthquake. However, one should understand that, at sites known to be at moderate or high seismic risk, costs associated with the design will be high 4, 5 .
USING PERFORMANCE-BASED DESIGN
Although the 2000 NEHRP Provisions initiated a move toward performance-based seismic design by defining three seismic user groups and incorporating the effects of ground motion in seismic design, there are many additional variables to consider in reducing the risks of seismic damage to a new building. For example, the 2000 NEHRP Provisions do not address other site hazards such as proximity to a fault line, landslide, and soil liquefaction. Also absent from the NEHRP Provisions is any consideration of the vulnerabilities of utilities supplied at the site, or the presence of collateral physical hazards such as tall buildings that may pound into the new building during an earthquake. Performance-based seismic design can address these types of hazards. This form of design is a new idea that allows design professionals to use advanced analytical tools and computational methods to achieve a build- ing design that will perform reliably under defined seismic hazard conditions. Once all of the hazards have been identified and the building's owners state the level of protection that they desire to achieve, the designer develops a consensus set of performance objectives that specify the intended performance of the building with regard to life safety, levels of acceptable damage, and post-earthquake functionality. Determination of the costs and feasibility of meeting these objectives and preparation of detailed designs and drawings to meet the selected objectives follow 4 . Table 2 summarizes reference sources for engineering information for performance-based design.
REINFORCEMENT OF NONSTRUCTURAL COMPONENTS AND USE OF SECURING EQUIPMENT
The nonstructural components are the permanent built-in components of the building that do not carry vertical and horizontal loads. They include architectural components (suspended ceilings, partitions, cladding, veneers), mechanical systems (HVAC and plumbing), and electrical systems (lights and switch gear). Damage caused by unrestrained nonstructural components is a frequent cause of human injury during earthquakes. Unrestrained objects can fall, slide, overturn, or swing. Improperly anchored heavy equipment can slide along the floor, breaking its connections to electrical components, ductwork, and utilities. These severed connections are the major cause of earthquake-related fires, hazardous materials spills, and water leaks 16, 17 . Designing the placement and installation of these components to avoid damage ensures that they will remain structurally intact and functional in the post-earthquake recovery period. The 2000 NEHRP Provisions recommend that nonstructural components that are either necessary for life safety or have hazard exposure potential be reinforced to ensure that they remain intact 5 . For example, fire protection, piping and the uninterruptible power supply must remain operable in a hospital, because they are necessary for life safety. It is essential to protect fuel tanks, because they pose a risk of environmental contamination or fire if they leak or rupture.
It is possible to protect the heavy components of the mechanical, electrical, fuel, and HVAC systems by placing them near the base of the building whenever possible, and by anchoring them to the structure to prevent sliding 16 . Anchoring can consist of braces, frames, cables, guys, or tethers. If equipment must be mounted on vibration isolators, then the design should incorporate snubbers to minimize movement. To protect suspended equipment, conduits, ducts, pipes, and light fixtures, they should have bracing on all sides to prevent swinging, as well as sufficient clearance maintained around them to prevent pounding into adjacent walls and equipment. When possible, connections between equipment and pipes/ducts should be flexible 18 .
Interior features that warrant consideration include suspended ceilings, interior partitions, and windows. Suspended ceilings frequently collapse during an earthquake, because the grid buckles. Light fixtures, air supply diffusers, exit panels, and ceiling tiles can then fall on occupants. Prevention of this catastrophe involves providing bracing wires on the grid, separate vertical suspension wires for light fixtures and other heavy objects, separation space between the ceiling and the grid to allow some movement, and separation joints between the ceiling and the walls. Partitions that are used to support heavy objects, such as bookcases mounted to a wall, may overturn. Anchoring them at both top and bottom can prevent this. Construction of large exterior glass windows and floor-to-ceiling interior glazing should incorporate laminated or tempered glass; an alternative would be to insert them within a framing system that permits deflection of the glass pane 16 .
Securing equipment and furnishings and anchoring bookcases and shelves can prevent a significant amount of interior damage to the facility. Anchoring computers to countertops or desks can protect them. A variety of proven products to achieve these goals are on the market. Shelves and countertops with an integral retaining lip installed in offices and storage areas can prevent expensive equipment and items from falling off of shelves. Seismic bracing capability is available as a manufacturer's option on large equipment (cage washers and autoclaves) that is commonly installed in animal facilities.
Tethering rodent caging and racks to keep them secure during an earthquake is controversial. To date, no caging manufacturer has designed or marketed a rack system that is portable, easily anchorable or attachable to the wall of the animal room to resist earthquake damage, and consistent with regulatory guidelines for surface sanitation. In the absence of commercially available, tested, and effective systems for securing racks and cages, design professionals have very limited options. Some laboratory animal professionals recommend that high-density ventilated racks always have their casters unlocked. Because of the inherent heavy mass of the rack and the builtin secure attachment of each cage, the unit will probably sustain less damage if it remains untethered and allowed to move independently of the building. In contrast, a conventional shelf rack with individual shoebox rodent cages resting on its shelves is very lightweight. This type of rack could easily accelerate during an earthquake, and the cages will certainly fall if the rack starts moving around. In this example, it might be desirable to secure the cages to the rack and the rack to the wall of the housing room. We can postulate that the incorporation of a lip on the shelf surface might be effective in keeping the cages from sliding off them. Some institutions are using simple equipment, such as bungee cords, to secure the cages and racks. There are probably many solutions to such problems within the facility, limited only by the creativity of the facility staff members. With no active research and product testing in this area, we still have not determined the most effective and successful methods to protect equipment.
ECONOMIC CONSIDERATIONS
Planners should weigh the additional costs of incorporating seismic resistance into a new research building or animal facility against the estimated costs of disruption to the institution and the research program should an earthquake occur. Today's research building and animal facility have a complex design, operate using complex engineering systems, incorporate costly new technology, and contain a lot of very expensive equipment. What is the estimated economic impact on the research program if the building is out of service for an extended period of time while it is undergoing repairs? What is the economic impact on the research program if the building is damaged beyond repair and has to be demolished and rebuilt? Can the research program even continue in the future if the animals in the facility die? Is it feasible to purchase sufficient insurance to cover the loss of the building and its contents? It is important that the building's owners understand the level of seismic risk extant at the proposed building site in light of these concerns. The decision to increase construction costs to incorporate additional seismic protection is reasonable when the anticipated level of seismic activity at the site is moderate or high, when estimated losses are expected to exceed insurance coverage, or when it is desirable to minimize or prevent the disruption of the research program that occurs if the animals, the building, and its contents are destroyed. Design professionals and members of the planning team can assist in this decision-making process by making certain that building owners are informed about these issues. Design professionals can refer to Primer for Design Professionals: Communicating with Owners and Managers of New Buildings on Earthquake Risk for more details about providing information on seismic risk to building owners 4 .
The primary financial burdens associated with improved seismic design include increased design and analysis fees, additional costs for special testing and inspection programs, and the expense of additional materials for reinforcements, extra anchorages, bracing, columns, and beams. FEMA estimates that improved seismic design increases the total construction cost of the building very modestly-from <1% to up to 5%. When the building design is simple and seismic design is included at the outset, the cost averages <1% of the total construction cost 5, 19, 20 . In some cases, the building's owner can realize some economic return on improved seismic design, because insurance premiums may be reduced. Earthquake-resistant design may also provide mitigation against other natural hazards, such as high winds.
CONCLUSIONS
It is important for the members of the design team to remember that because earthquakes cannot be accurately predicted, there is no time to immediately prepare for, or to evacuate an animal facility in advance of their occurrence. Mass casualties of animals and suffering are inevitable if the building collapses or if it sustains so much damage that animal caretakers cannot re-enter it. When a new animal facility is planned, it is important to adequately assess the risks at the proposed site and to decide at the outset of the planning process on the proper strategies to mitigate them. There should be an estimation of the economic value of the animals, the building and its contents, and the research, as well as a consideration of their importance in maintaining the future viability of the institution or company.
Laboratory animal professionals need to educate themselves about seismic design, because one cannot assume that new construction that conforms to building codes will protect animals during an earthquake. Designers typically plan research buildings as nonessential facilities. Current Life Safety level seismic design codes for nonessential facilities have the intention only to prevent collapse of the structure during a major earthquake, and they may only consider a single risk element-the intensity of the earthquake. Other important variables in seismic hazard analysis, such as soil type, proximity to fault lines, and presence of nearby hazardous materials, do not receive consideration. Also, seismic design codes typically do not address the resilience of nonstructural components (i.e., interior walls and partitions, furnishings, lighting, suspended ceilings), nor do they address the performance of mechanical, electrical, or plumbing systems. A facility designed to function at only Life Safety level does little to improve the chances that animals can survive an earthquake. Prolonged losses of life-sustaining resources such as electrical power, ventilation, lights, and potable water are predictable. The interior components of the building, and the equipment and furnishings in the facility will sustain significant damage, and the building may be both unsafe and uninhabitable. If animals remain trapped inside the facility, it is likely that humans will attempt unsafe re-entries and rescue attempts, further increasing the risks of human casualties. For both humane and public safety reasons, there should be consideration of additional protection for the animals.
Design professionals (architects and engineers) need to be aware that new demands are placed on a research building when an animal facility is included. Living animals are really permanent occupants of the building that are totally dependent on humans for their care. They will continue to require food, clean water, adequate shelter, and care immediately after the earthquake. In contrast to humans, life safety for animals cannot rest on the premise of quick, voluntary evacuation, because the animals and humans cannot leave the building at the same time. Humans will leave first and return later for the animals. Animals will have to remain in residence in the facility after the earthquake, probably for an extended period of time. We encourage planners to consider the unique characteristics of the facility before accepting local seismic Life Safety codes as the customary design standard for the new research building.
A building can sustain less damage during an earthquake when there is a continuous load path to channel earthquake forces back into the ground, the building is tied together and functions as a single unit, and construction is carefully monitored to ensure that design standards are met. The seismic resistance system must be strong enough to resist seismic loads, be stiff enough to limit lateral deflections, and have flexible connections that permit rapid changes in force directions without failing. Damage to nonstructural elements is minimized by limiting deformations, by anchoring and bracing components, and by providing proper clearances for cladding, glazing, partitions, and wall panels. Detailing of the nonstructural elements can also protect them during an earthquake.
It is very important to remember that the earthquake resistance of any building is only as strong as the weakest link in the load path. The building's actual response to seismic ground motion depends not only on the extent to which the seismic resisting system is designed; it also depends on the quality with which the building's design is ultimately constructed in the field. Innumerable earthquake-related building failures are also directly traceable to poor design or inadequate quality control during construction 4, 19, 20 . With good seismic design, meticulous attention to details, and scrupulous oversight of construction, specific components of the building will have adequate strength and anchorage to overcome the anticipated seismic forces and to accommodate the expected displacements.
It is possible to construct a facility that maintains its critical functions and life support systems after an earthquake. To do so, one must decide to achieve a level of Immediate Occupancy function (see Table 1 ) and then carry this goal forward in the design drawings, specifications, and construction. Because establishing this level of post-earthquake function in the facility will drive many future planning decisions, the decision to do so must come very early in the planning process. A facility that is capable of achieving Immediate Occupancy function provides its animal residents with safe shelter from the elements and the basic services needed to sustain life (emergency power, some lighting and fans, potable water supply). Upgrading design codes to meet those required for hospitals or using performance-based design to achieve specific objectives are two methods that can be used to improve seismic resistance above current minimum standards in the facility.
It is difficult for us to recommend earthquake-safe equipment for use in the facility, not only because of a lack of research on seismic performance of caging and facility equipment systems, but also because of a lack of published information on the damages sustained by caging and animal facility equipment following earthquakes. In the absence of published information, we recommend that the design team consult with a qualified seismic engineer to determine the best methods for protecting systems, and to use items already sold to businesses and homes to secure equipment. Many of these products would have direct application in the facility. There is a need to develop effective ways to protect caging systems from earthquake damage.
When planning a research building containing an animal facility, decision makers should consider the benefits accrued by improving seismic design before routinely accepting the prescribed minimum construction standards contained in building codes. The incorporation of additional safety features may become more acceptable when one considers the economic value of research programs that depend on animal research, the substantial costs incurred if the facility has to be rebuilt, the irreplaceable nature of many animal models, and the potential for permanent loss of scientific knowledge if unique animal models perish during an earthquake.
